appeasement behavior [5] modulating the aggressive tendencies of their more dominant partners.
Olfactory information passing between pair members does not mediate the reduced rate of sniffing exhibited by subordinate animals when face to face with dominants. Treating the nasal epithelia of both members of pairs of rats with ZnSO 4 (to produce a transient anosmia [6, 7] ) before allowing pair members to interact has no effect on the sniffing behavior of either dominant or submissive individuals during periods of face-to-face investigation. Just as in intact pairs, anosmic dominant individuals continue to sniff at a high rate, and anosmic subordinate individuals reduce their rate of sniffing while being investigated.
Using a within-subject experimental design, Wesson [3] further examined the effects on sniffing frequency of prior treatment of both members of an interacting pair with oxytocin (to reduce aggressive behavior [6] ). He found, as expected, that oxytocin decreased dominant animals' frequency, relative to baseline, of engaging in aggressive behaviors. Treatment of pair members with oxytocin also caused subordinate individuals to show significantly less reduction in sniffing frequency during bouts of facial investigation by dominants than when the same pairs of animals were treated with saline, suggesting that reduced sniffing in subordinates is a response to the expression of dominance by larger animals.
As is the case with any interesting finding, Wesson's [3] discovery of a communicative function of rats' sniffing rate during periods of face-to-face interaction raises at least as many questions as it answers. For example, although the present data exclude olfaction as the modality mediating detection of sniffing rate, sniffing involves changes in both auditory cues and movement of the vibrissae and anterior portions of the face. Either might provide the channel via which information is being communicated between pairs of unfamiliar, potentially antagonistic individuals.
During aggressive and affiliative social interactions, rats emit 22 khz and 50 khz ultrasonic vocalizations that modulate social behavior [7] . If sniffing results in production of ultrasounds, then the changes in subordinates' sniffing rate during face-to-face interaction with dominants might simply contribute to the ultrasonic repertoire of rats. Alternatively, the rapid movements of vibrissae of rats while sniffing might provide either somatosensory or visual cues to dominant individuals during periods of facial investigation of subordinates and serve as the medium for communication.
The new investigations focussed on the effects of changes in the sniffing rate of subordinate individuals and the role of such changes in sniffing frequency in modulating dominants' aggressive behavior. Possibly, failure of dominant individuals to reduce their rate of sniffing also serves as a signal mediating social interaction. Further, given that sniffing rate has been demonstrated by Wesson [3] to serve as a medium for rats' social communication, then sniffing rate is likely also to be involved in mediating other social interactions of Norway rats such as those between sexual partners or parents and their offspring.
Most challenging will be to understand how rats integrate the information available in the auditory, tactile, visual and olfactory social signals emitted by conspecifics to produce behaviors appropriate to the diverse social circumstances they encounter throughout life.
DNA Replication: Polymerase Epsilon as a Non-catalytic Converter of the Helicase
In eukaryotes DNA polymerase epsilon (ε) synthesises the leading DNA strand during replication. A new study provides insight into how this polymerase also functions independently of its enzyme activity to assemble and activate the replicative helicase.
Philip Zegerman
Although it is over 50 years since the purification of the first DNA polymerase, how cells from all domains of life manage the perfect duplication of the genome before division remains a subject of intense investigation. Simultaneous synthesis of the two anti-parallel strands of the DNA double helix requires at least two polymerases -one that can continuously advance on the leading strand and another that can act discontinuously on the lagging strand. Although prokaryotes and many viruses employ several copies of the same enzyme for both of these processes, eukaryotes have three different DNA polymerases at the replication fork [1] . Recent studies, including work from Karim Labib and colleagues [2] reported in this issue of Current Biology, have shed light on enzymatic-independent roles of the eukaryotic leading strand polymerase (Pol ε) in the assembly of the replication machinery. Understanding the non-catalytic functions of DNA polymerases provides insight into the replication initiation mechanism and may help to explain why eukaryotes have three distinct polymerases at the replication fork.
In bacteria, DNA unwinding and loading of the DNA helicase onto ssDNA is induced by the multimerisation of the initiator protein at the origin of replication [3] . The DNA-bound helicase serves as a platform for primer synthesis and this allows genome duplication to begin immediately after helicase loading [1] . Conversely, in eukaryotes, helicase loading and replication initiation are separate events that are strictly regulated within the cell cycle ( Figure 1 ) [4] . The enzymatic components of the eukaryotic replicative helicase, MCM2-7, are loaded onto dsDNA as an inactive double hexamer in G1 phase (Figure 1 ). Subsequent helicase activation and replisome assembly occurs only upon entry into S-phase and this requires two kinase activities that accumulate at the G1-S transition: S-phase Cyclin-dependent kinase (CDK) and Dbf4-dependent kinase (DDK).
While much of the molecular mechanism of eukaryotic replication initiation is poorly understood, several lines of investigation have suggested important roles for Pol ε in the early stages of the assembly of an active replisome, in addition to its role in DNA synthesis itself. The catalytic subunit of Pol ε (called Pol2 or Cdc20 in budding/fission yeast, respectively) is unusual among B family polymerases in that it has evolved from a fusion event between two polymerases, of which only the amino-terminal fusion has retained polymerase and exonuclease activities [5] . The large carboxy-terminal extension, although no longer catalytic, is essential for DNA replication from yeast to flies [6] [7] [8] [9] , suggesting enzyme-independent roles for this protein.
There have been hints as to how Pol ε might regulate replication initiation. A fragile, Pol ε-containing complex called the pre-loading complex (pre-LC) has been identified, which forms in a CDK-dependent manner before replication initiation in budding yeast [10] . This complex also contains the four subunit GINS complex, which is a vital component of the active replicative helicase (Figure 1) .
Consistent with the importance of the pre-LC for initiation, recent work in fission yeast has shown that complete removal of the catalytic subunit of Pol ε (Cdc20) prevents the conversion of the inactive MCMs to the active form of the helicase, called the CMG complex (Cdc45, MCMs, GINS) [11] . Furthermore, a cdc20 allele with mutations within the non-catalytic carboxyl terminus still facilitated CMG assembly but prevented the progression of the helicase away from the origin [11] . This work suggested that Pol ε has two roles in replication initiation: first in the assembly of the CMG, probably through the pre-LC, and second in activating the CMG at origins. Sengupta et al. [2] have now provided more molecular details about the roles of Pol ε in replication initiation in budding yeast. By mapping the interactions that facilitate the incorporation of Pol ε within the replisome, they show that the amino terminus of the second largest subunit of Pol ε (Dpb2 in budding yeast) interacts with the flexible B domain of the GINS subunit Psf1 (Figure 1) . They go on to show that Dpb2 is important for two key steps in DNA replication. First, the amino terminus of Dpb2 and the B domain of Psf1 are both required to convert loaded MCMs into the CMG complex. Second, Dpb2 is required to tether Pol ε to the replisome, as an amino-terminal truncation of Dpb2 that cannot bind to GINS does not interact with the replisome purified from yeast cells.
Significantly, by over-expressing the amino terminus of Dpb2 in yeast cells in which full length Dpb2 has been effectively depleted, Sengupta et al. [2] show that this fragment of Dpb2 is sufficient for CMG complex assembly and DNA replication initiation but not for recruitment of the other subunits of Pol ε. This experiment thus serves to separate the functions of Dpb2 in replication initiation. On the one hand over-expression of the amino terminus of Dpb2 is sufficient to recruit GINS to origins, assemble the CMG and activate it. On the other hand the carboxyl terminus of Dpb2 tethers the rest of the leading strand polymerase (including the catalytic subunit) to the helicase (Figure 1 ). Despite the importance of Dpb2 for CMG assembly and activation, other interactions between GINS and Pol ε may also be important for this process; for example, in fission yeast Cdc20 is also required for this interaction [11] .
Why is Pol ε required for CMG assembly? The conversion of the loaded MCMs to the active replisome is a strictly regulated process that requires the two kinases CDK and DDK (Figure 1) . The pre-LC containing the essential CDK target Sld2 and its binding partner Dpb11 is likely an important regulatory complex that specifically targets Pol ε and GINS to loaded MCMs at origins in a CDK-dependent manner [10] . Over-expression of only the amino terminus of Dpb2 is sufficient for replication initiation and viability, but S-phase is slow and the cells are quite sick [2] . Although a failure to load Pol ε on the leading strand causes significant defects by itself [6, 9] , it is tempting to speculate that a failure to form the pre-LC would disrupt the normal regulation of CMG helicase assembly, resulting in some of the observed cell sickness. Understanding the molecular mechanism for how Dpb2 and other components of the pre-LC assemble the CMG in a CDK-dependent manner will be an important next step.
The GINS-Pol ε interaction provides a direct link between the activation of the replicative helicase and the recruitment of the leading strand polymerase. This coordination may be vital both to prevent premature DNA unwinding in the absence of polymerase and also to ensure that the leading strand polymerase does not advance in a strand displacement reaction without a helicase. Interestingly, in vitro purified human CMG stimulates the catalytic activity of Pol ε [12] , while in fission yeast a mutation in the carboxyl terminus of Cdc20 prevents the efficient progression of the CMG helicase [11] . Therefore, the continued interaction between the CMG and Pol ε during replication may provide positive reinforcement for the progression of the replication fork. This may have important implications for how the replisome deals with DNA lesions that block progression of either the helicase or the leading strand polymerase.
It is also worth noting the central importance of the four-subunit GINS complex in coordinating not only the leading strand polymerase at the fork, but also the lagging strand Pol a/primase via an interaction with another replication factor called Ctf4 (Figure 1 ) [13] . In vitro, human GINS can interact with Pol a, ε and the lagging strand polymerase Pol d [12] . It is tempting to speculate that GINS serves as a scaffold to coordinate polymerases with the active helicase, and such a versatile interaction mechanism may explain how Pol d can stand in as the leading strand polymerase when the amino terminus of Pol ε is truncated [6, 9] .
The physiological importance of Pol ε has been emphasized with the recent identification of a mutation in the large catalytic subunit of human Pol ε (POLE1) that is associated with a rare autosomal recessive disease called 'FILS syndrome' [14] . It is not yet clear whether other patients with a FILS phenotype (facial dimorphism, immunodeficiency, livedo and short stature) also have mutations in Pol ε, but this study highlights the continued importance of understanding the functions of eukaryotic DNA polymerases.
